Background-Members of the tumor necrosis factor superfamily, such as tumor necrosis factor-␣, potently promote atherogenesis in mice and humans. Tumor necrosis factor receptor-associated factors (TRAFs) are cytoplasmic adaptor proteins for this group of cytokines. Methods and Results-This study tested the hypothesis that TRAF1 modulates atherogenesis in vivo. TRAF1
A therosclerosis is a chronic inflammatory disease orchestrated by a network of inflammatory cytokines. 1, 2 Substantial in vitro and in vivo evidence implicates members of the tumor necrosis factor (TNF) receptor/interleukin (IL)-1/Toll-like receptor superfamily, such as TNF-␣, CD40L, and IL-1␤, in the development of atherosclerosis. [3] [4] [5] TNF receptor-associated factors (TRAFs) function as intracellular adaptor proteins that mediate signaling for the TNF/IL-1/Toll-like receptor superfamily by upstream interaction with the respective receptors and consequent activation of downstream signaling molecules. 6, 7 Clinical Perspective on p 2044 TRAF1, a 46-kDa molecule, associates with several receptors, including TNFR1, TNFR2, and CD40. According to several studies, TRAF1 functions as an inhibitory protein. 8, 9 In contrast to other TRAFs, most resting cells lack TRAF1 but rapidly express TRAF1 on stimulation with TNF-␣, CD40L, lipopolysaccharide, or lymphocyte receptor ligands. 10, 11 These data strongly suggest that TRAF1 participates in a negative-feedback loop. Several reports revealed that TRAF1 interferes with TRAF2-dependent nuclear factor-B activation. 12, 13 Tsitsikov et al 14 demonstrated enhanced TNF-␣-induced signaling in TRAF1-deficient lymphocytes that coincided with hypersensitivity of TRAF1-deficient mice to skin necrosis provoked by TNF-␣. Similarly, TRAF1-deficient mice proved more susceptible to TNF-␣-induced liver damage. 15 However, reports suggesting an opposite, proinflammatory role for TRAF1 as an activator of nuclear factor-B and/or c-Jun N-terminal kinase (JNK) 16, 17 have hampered conclu-sive evaluation of the physiological role of TRAF1. Some of these controversies stem from differences in methodology and differential cell type-, cognate receptor-, and target gene-specific TRAF1-mediated functions, which warrants a disease-based in vivo evaluation.
Although TRAFs likely modulate atherogenesis in vivo, knowledge of the role of TRAFs in atherosclerosis remains rudimentary. Some reports identified TRAF6 as a mediator of CD40L-induced proinflammatory signals in monocytes and implicated this molecule in neointima formation in mice. 18, 19 Expression of TRAF2 and TRAF3 has been associated with shear stress in vitro and in vivo. 20 , 21 Luo et al 22 recently demonstrated that activation of TNF-receptor 2 (TNFR2) mediates ischemia-induced arteriogenesis by inducing TRAF2-dependent survival pathways. Our group recently demonstrated overexpression of several TRAFs, particularly TRAF1, in human and mouse atheromas. 23 On the basis of these data, the present study tested the hypothesis that TRAF1 modulates mouse atherogenesis in vivo.
Methods
A detailed description of all methods is available in the online-only Data Supplement.
In Vivo Study
Six-week-old male low-density lipoprotein (LDL)-receptor-deficient (LDLR Ϫ/Ϫ ) and TRAF1
Ϫ/Ϫ

/LDLR
Ϫ/Ϫ mice consumed a high-cholesterol diet (HCD) for 18 and 8 weeks, respectively, and were prepared and analyzed histologically as described previously. 24, 25 Total wall area, intimal lesion area, and medial wall area, as well as the percentage of positively stained area for macrophages, lipids, T cells, collagen, smooth muscle cells, vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1), were quantified by blinded investigators. For bone marrow (BM) transplantation, 8-week-old mice were subjected to total body irradiation (2ϫ450 cGy). A total of 1.4ϫ10 7 BM cells were injected in the tail vein. Four weeks later, an HCD was started for a total of 18 weeks. Pooled data ϮSEM are shown on the left; images of representative sections stained for lipid deposition (oil red O) are displayed on the right. C, Sections of aortic arches of mice treated as described above were analyzed for macrophage-, smooth muscle cell-, lipid-, and collagen-specific staining. Mac-3-, ␣-actin-, oil red O-, and picrosirius red-positive staining in relation to total wall area is displayed as meanϮSEM (nϭ8 and 13).
Cell Isolation and Culture
Murine endothelial cells (ECs), BM-derived macrophages, and thioglycollate-elicited murine peritoneal leukocytes were isolated and cultured as described previously. 23 For isolation of murine monocytes, TRAF1-deficient and control mice were anesthetized, and blood was taken by cardiac puncture, separated by Ficoll, and purified with CD11b MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany). Human umbilical vein ECs were obtained from PromoCell (Heidelberg, Germany).
Western Blotting
Western blotting was performed as described previously. 23 Primary antibodies included anti-ICAM-1 (mouse: Santa Cruz Biotechnology Inc, Santa Cruz, Calif; human: Cell Signaling Technology, Danvers, Mass), anti-VCAM (Santa Cruz), anti-integrin-␤1 (Cell Signaling), anti-TRAF1 (Santa Cruz), and anti-lamin (Novocastra, Newcastle upon Tyne, United Kingdom).
Inflammatory Cytokine Quantification
Serum and arterial tissue lysates of mice were analyzed with a mouse inflammation kit (BD, Franklin Lakes, NJ). Serum from mice before and after HCD was analyzed with the Searchlight IR Cytokine Array (Endogen, Woburn, Mass). Mouse CXCL1 and CXCL2 were quantified in the supernatants of cell cultures by use of commercially available ELISA kits (R&D DuoSet, R&D Systems, Minneapolis, Minn).
Flow Cytometry
Flow cytometry was performed as described previously. 25 Antibodies included anti-CD106-APC, CD54-APC, CD49d-PE, CD40-PE (all from BD), CD62E (SouthernBiotech, Birmingham, Ala), CD29-FITC, CCR5-PE (BD), CCR7-APC (BD), CXCR3-APC (BD), CXCR2-PE (BD), and CD11b-FITC (Beckman Coulter, Fullerton, Calif). Intracellular staining for TNF-␣, FoxP3, and interferon-␥ was performed with the Cytofix/Cytoperm kit (BD).
Adhesion, Migration, Proliferation, and Apoptosis Assays
Adhesion and migration assays were performed as described previously. 25 For spreading, murine peritoneal macrophages adhered to serum-coated coverslips were fixed with 4% paraformaldehyde and stained with Alexa Fluor 594 -conjugated phalloidin (Invitrogen, Carlsbad, Calif). To identify proliferating cells, sections from the murine in vivo study were stained with an anti-Ki-67 antibody (DAKO, Glostrup, Denmark). Apoptosis was detected in parallel sections with the terminal deoxynucleotidyl transferase end-labeling technique (Roche Diagnostics, Indianapolis, Ind) and quantified by blinded investigators.
Intravital Microscopy
Mice were pretreated 4 hours before surgery with an intraperitoneal injection of 0.2 g of murine TNF-␣ and anesthetized, and the cremaster muscle was exteriorized for intravital microscopy as described previously. 26 Adhering leukocytes were quantified by blinded investigators.
Small Interfering RNA Transfections
Human umbilical vein ECs and human monocytes were transfected at 250 nmol/L final concentration of TRAF1-specific small interfering RNA (Qiagen, Hilden, Germany) with the Amaxa Nucleofector device (Lonza Cologne AG, Cologne, Germany) as described previously. 23 
/LDLR
Ϫ/Ϫ (nϭ5) mice. Chimera that consumed HCD for 18 weeks were subjected to analysis of intimal lesion size in the aortic root. Pooled data represent meanϮSEM. Mac-3-(macrophage), ␣-actin-(smooth muscle cell), CD4-(T cell), oil red O-(lipid), and picrosirius red (collagen)-positive staining in relation to total wall area is displayed as meanϮSEM.
Data Analysis
Western blots were analyzed densitometrically with ImageJ (National Institutes of Health software). Data of at least 3 experiments were pooled and presented as meanϮSEM. Student 2-tailed t test was used for paired or unpaired values (where appropriate). PϽ0.05 was considered statistically significant.
Clinical Study
A total of 325 patients were included in the Tumor Necrosis Factor Receptor Associated Factors in Cardiovascular Risk Study (TRAFICS). After informed consent was received, blood was drawn from all patients, and total blood RNA was isolated with a Qiagen PAXgene blood RNA kit. All patients underwent coronary angiography and were divided into 3 groups: No coronary heart disease (no CHD), stable coronary heart disease (CHD), or acute coronary syndrome. Primers included for TRAF1 were 5Ј-TCC TgA gCT Tgg AgC AgA g-3Ј (forward) and 5Ј-Agg gCC Tgg TCT TTC Tgg-3Ј (reverse); for GAPDH, they were 5Ј-gAA ggT gAA ggT Cgg AgT c-3Ј (forward) and 5Ј-gAA gAT ggT gAT ggg ATT TC -3Ј (reverse). Differences across groups were compared by ANOVA followed by the Bonferroni post hoc test for normal variables and the KruskalWallis test for nonnormal variables. Multivariate linear regression analysis was used to adjust for confounding factors, including age, sex, diabetes mellitus, hypertension, body mass index, and dyslipidemia.
Results
TRAF1-Deficient Mice Develop Smaller Atherosclerotic Lesions That Contain Fewer Macrophages
To investigate the influence of TRAF1 on murine atherogenesis, TRAF1
Ϫ/Ϫ /LDLR Ϫ/Ϫ and TRAF1 ϩ/ϩ /LDLR Ϫ/Ϫ mice consumed an HCD for 8 and 18 weeks, respectively. Weights, leukocyte counts, total cholesterol, and triglyceride levels did not differ between the study groups (online-only Data Supplement Tables I and II ). All mice appeared healthy and active, reproduced normally, and had no obvious abnormalities and a normal life span. TRAF1-deficient animals (nϭ8) had smaller intimal lesions of aortic roots (Pϭ0.02) and arches (Pϭ0.05) than controls (nϭ13) at both time points, which suggests a proatherogenic function of TRAF1 ( Figure  1A and 1B). Plaques from TRAF1 Ϫ/Ϫ /LDLR Ϫ/Ϫ mice contained significantly fewer macrophages (Pϭ0.05 and 0.01) and more smooth muscle cells (Pϭ0.04 and 0.04; Figure 1C ). Lipid content tended to decrease, whereas collagen content tended to increase. T-cell counts remained unchanged in plaques and adventitia (see online-only Data Supplement Figure I for representative images). Taken together, these features represent characteristics attributed to more stable plaques in humans. 27
TRAF1 Deficiency in BM-Derived and Resident Cells Attenuates Atherogenesis in Mice
To elucidate the relevance of TRAF1 in BM-derived and resident cells for atherogenesis, we performed BM transplantations between TRAF1
Ϫ/Ϫ /LDLR Ϫ/Ϫ and TRAF1 ϩ/ϩ / LDLR Ϫ/Ϫ mice (for study characteristics, see online-only Data Supplement Table III) . Mice with simultaneous deficiency in TRAF1 in BM-derived and resident cells showed the greatest reduction in intimal lesion size compared with respective wild-type controls (39.9Ϯ10.6%; nϭ8 and 5 per group, respectively; Pϭ0.01). TRAF1 deficiency in both BM-derived and resting cells alone sufficed to attenuate atherogenesis. Analysis of plaque composition revealed a significant reduction of macrophage content and lipids, whereas collagen and smooth muscle cell content tended to be increased in the TRAF1-deficient chimera (Figure 2 ).
TRAF1 Deficiency Attenuates Adhesion of Monocytes
Because we observed markedly decreased macrophage content in plaques from TRAF1 Ϫ/Ϫ /LDLR Ϫ/Ϫ animals, we tested the hypothesis that TRAF1 modulates adhesion of inflammatory cells, a key step in atherosclerotic plaque formation. TRAF1 deficiency in both monocytes and ECs significantly inhibited adhesion compared with respective wild-type controls (nϭ3, PϽ0.001; Figure 3A ). Similar findings emerged with peripheral blood mononuclear cells (nϭ3, PϽ0.001; Figure 3A ). Under flow conditions relevant to those in human vessels, deficiency of TRAF1 in both ECs and thioglycollate-elicited peritoneal leukocytes also significantly inhibited adhesion (nϭ5, Pϭ0.003; Figure 3B ). TRAF1 deficiency in either ECs or leukocytes alone sufficed to attenuate adhesion of leukocytes (nϭ5, Pϭ0.04 for both; Figure 3B ; online-only Data Supplement Figure II) . Similar results were observed with cells on an LDLR-deficient background (online-only Data Supplement Figure III) . Accordingly, we identified markedly reduced adhesion of leukocytes in the venules of the cremaster muscle in TRAF1-deficient mice compared with wild-type mice in vivo as assessed by intravital microscopy (nϭ7 and 8, respectively; Pϭ0.009; Figure 3C ).
TRAF1 Deficiency Limits Actin Polymerization and Expression of Adhesion Molecules in ECs and Macrophages
Wild-type peritoneal macrophages quickly spread on glass coverslips, whereas the morphology of TRAF1-deficient macrophages remained largely unchanged as assessed by phalloidin staining (nϭ5, PϽ0.001; Figure 3D ), which suggests that TRAF1 deficiency interferes with actin polymerization. Adhesion molecules regulate protrusion Figure 4A ), respectively. Respective experiments with TRAF1-deficient or TRAF1-competent ECs from animals also deficient in LDLR generated similar results (online-only Data Supplement Figure III) . Furthermore, VCAM-1 and ICAM-1 expression was markedly reduced in both arterial tissue (nϭ3, Pϭ0.01 and 0.007, respectively) and aortic sections of TRAF1 Ϫ/Ϫ / LDLR Ϫ/Ϫ mice compared with TRAF1 ϩ/ϩ /LDLR Ϫ/Ϫ mice as assessed by Western blotting and immunohistochemistry ( Figure 4B and 4C) . TRAF1-deficient BM-derived macrophages showed reduced integrin-␤1 (CD29; nϭ4, Pϭ0.004) expression, whereas no significant difference in CD11b expression was observed (nϭ3, Pϭ0.88; Figure  4D ). Similar findings were obtained in T cells (online-only Data Supplement Figure IV) .
TRAF1 Deficiency Differentially Regulates Chemokine and Chemokine Receptor Expression but Does Not Alter Inflammatory Cell Migration
Chemotaxis presents a crucial step in the recruitment of monocytes to the intima. 2 We previously reported a slight increase in monocyte chemotactic protein-1 expression in TRAF1-deficient ECs and macrophages. 23 Similarly, we observed a significant increase in KC (CXCL1) in TRAF1-deficient ECs (nϭ8, Pϭ0.03) but not in macrophages (nϭ6, Pϭ0.34; 95% confidence interval [CI] 0.02 to 0.40 and 0.13 to 0.48, respectively). Macrophage inflammatory protein-2 (CXCL2) expression was not significantly regulated in either cell type (respectively, nϭ7 and 3, Pϭ0.72 and Pϭ0.81, 95% CI 0.19 to 0.86 and 0.17 to 0.94; Figure 5A and 5B). Western blot analysis confirmed no significant difference between TRAF1-deficient and wild-type mice in CXCR1 expression (nϭ3, Pϭ0.76; Figure 5B ). Further evaluation of chemokine receptor expression revealed a significant increase of CCR7 Figure 5 . TRAF1 deficiency differentially regulates chemokine and chemokine receptor expression but does not alter inflammatory cell migration. A, Murine ECs isolated from TRAF1-deficient (nϭ8) and TRAF1-competent (nϭ7) mice were stimulated with or without TNF-␣ (20 ng/mL) for 24 hours. Kc (CXCL1) and macrophage inflammatory protein-2 (CXCL-2) protein was assayed in the supernatant by ELISA. Data are given as meanϮSEM and as a grouped scatter blot. B, BM-derived macrophages of TRAF1-deficient (nϭ6) and TRAF1-competent (nϭ3) mice were stimulated with or without TNF-␣ (20 ng/mL). CXCL1 protein was measured in the supernatants by ELISA and CXCR1 expression in cell lysates by Western blotting. Data are given as meanϮSEM and a densitometric mean adjusted for GAPDH ϮSEM, as well as a grouped scatterplot; a representative Western blot is shown below where appropriate. C, Murine monocytes of TRAF1 Ϫ/Ϫ /LDLR Ϫ/Ϫ and TRAF1 ϩ/ϩ /LDLR Ϫ/Ϫ mice that consumed an HCD were analyzed for CXCR2, CCR5, CXCR3, and CCR7 expression by fluorescent-activated cell sorting (nϭ3 each). Data represent percentage ϮSEM in a grouped scatter blot. D, Peripheral blood mononuclear cells isolated from TRAF1-deficient and -competent mice were assayed for their migratory capacity toward indicated concentrations of CXCL1, monocyte chemotactic protein (MCP)-1, and CXCL2 in a modified Boyden chamber (nϭ3 each). Migrated peripheral blood mononuclear cells were quantified microscopically and are given as a percentage of loaded cells.
(Pϭ0.02) and CXCR3 (Pϭ0.008) and no significant regulation for CCR5 (Pϭ0.2) or CXCR2 (Pϭ0.4) expression in TRAF1-deficient monocytes compared with respective controls (nϭ3 each; Figure 5C ). Similar results were obtained in TRAF1-deficient CD4 and CD8 T cells before and after ␣-CD3/␣-CD28 stimulation (online-only Data Supplement Figure V) . Migration of inflammatory cells not only depends on chemokines and chemokine receptors but also on the migratory capacity of inflammatory cells. TRAF1 deficiency did not significantly alter the chemotactic index of peripheral blood mononuclear cells to gradients of various chemokines compared with wild-type controls (nϭ3 each; Figure 5D ).
IL-6 Levels Decrease in Blood and Arterial Tissue of TRAF1-Deficient Mice
Inflammatory cytokines were assayed in blood and aortic arterial tissue of TRAF1 Ϫ/Ϫ /LDLR Ϫ/Ϫ and TRAF1 ϩ/ϩ / LDLR Ϫ/Ϫ mice, respectively, at baseline (nϭ10 and 16) and after 18 weeks of HCD (nϭ10 and 18). TRAF1 deficiency provoked a significant reduction of IL-6 (Pϭ0.04 and 0.059; Figure 6A ). Furthermore, we identified reduced IL-6 concentrations in arterial tissue (10.56Ϯ3.4 versus 65.63Ϯ19 pg/ mL, Pϭ0.01) and serum (13.06Ϯ5.3 versus 36.61Ϯ7.3 pg/ mL, Pϭ0.02) of TRAF1-deficient animals 4 hours after intraperitoneal injection of 200 ng of TNF-␣ compared with respective controls. TRAF1-deficient animals expressed decreased levels of TNF-␣ after HCD in serum and arterial tissue (16.53Ϯ0.1 versus 10.63Ϯ0.37 pg/mL, Pϭ0.004), whereas no significant regulation could be observed for IL-1␤ and IL-1␣ (95% CI 9.82 to 58.52 and 13.60 to 30.86, respectively; Figure 6A ).
TRAF1 Deficiency Does Not Affect Differentiation of Monocytes/Macrophages
TRAF1-deficient macrophages showed no significant difference in FA-11 and F4/80 expression. The number of Ki-67-positive macrophages did not differ significantly in plaques of TRAF1-deficient and control mice (nϭ6 and 13, Pϭ0.9, 95% CI 2.18 to 7.82 and 2.41 to 7.13, respectively; Figure 6B ). 
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TRAF1 Deficiency Does Not Influence Apoptosis in Atherosclerotic Plaques In Vivo
Terminal deoxynucleotidyl transferase end-labeling assays performed on sections of the aortic root and arch of study animals revealed no significant difference in apoptosis rates in atherosclerotic plaques of TRAF1-deficient and -competent mice (nϭ5 and 13, Pϭ0.88, 95% CI 0.76 to 9.33 and 3.66 to 6.05, respectively; Figure 6C ). These data coincide with previous results from our group that demonstrated similar caspase-3/7 activation in TRAF1-deficient and -competent ECs. 23
TRAF1 Deficiency Does Not Significantly Alter General Immune Responses
CD4
ϩ T lymphocytes comprise several subsets, including Th1, Th2, and Th17 cells and Tregs. We tested whether TRAF1 modulates the ratios of these subsets, which may regulate atherogenesis. Splenic CD4, CD8 T-cell, and Treg numbers in mice that consumed an HCD did not differ significantly between TRAF1 Ϫ/Ϫ /LDLR Ϫ/Ϫ and TRAF1 ϩ/ϩ / LDLR Ϫ/Ϫ mice, nor did T-cell differentiation and activation markers differ significantly (nϭ6; Figure 7A ). On ␣-CD3/␣-CD28 stimulation, activation markers and intracellular interferon-␥ and TNF-␣ did not significantly differ between splenocytes of the 2 groups. In accordance with this, supernatants showed no significant regulation of interferon-␥, IL12p70, or IL-10 (nϭ3; Figure 7B ). Additionally, we did not observe modulation of Th1 and Th2 cytokines in blood or arterial tissue of TRAF1 Ϫ/Ϫ /LDLR Ϫ/Ϫ or TRAF1 ϩ/ϩ / LDLR Ϫ/Ϫ mice that consumed an HCD or respective mice on intraperitoneal challenge with TNF-␣ ( Figure 7C and 7D) .
RNA Silencing in Human Cells Corroborates the Concept That TRAF1 Limits the Expression of Adhesion Molecules
TRAF1-silenced ECs expressed significantly reduced levels of VCAM-1 and ICAM-1 on stimulation with TNF-␣ (Pϭ0.01 and 0.01) and IL-1␤ (Pϭ0.01 and 0.03), as well as reduced VCAM-1 expression on CD40L stimulation (Pϭ0.01), which confirmed our findings in murine ECs (nϭ4 each; Figure 8A ). TRAF1-silenced human monocytes expressed significantly lower amounts of integrin-␤1 than respective control-silenced monocytes (nϭ3, Pϭ0.03), whereas no significant difference in CXCR1 and CD11b expression could be detected ( Figure 8A ).
TRAF1 Messenger RNA Expression Is Elevated in Blood of Patients With Acute Coronary Syndrome
We tested the hypothesis that TRAF1 expression in blood correlates with stable and/or acute coronary heart disease in humans. 23 Given that TRAF1 constitutes an intracellular protein, we quantified TRAF1 messenger RNA (mRNA) in total blood RNA of 325 patients undergoing coronary angiography divided into 3 groups: No coronary heart disease (no CHD), stable coronary heart disease (CHD), or acute coronary syndrome. Gender and body mass index did not differ significantly among the groups, although patients were older in the CHD group, and those in the CHD and acute coronary syndrome groups presented with a significantly greater percentage of cardiovascular risk factors such as diabetes and hypertension (Table) . TRAF1/GAPDH mRNA ratios were significantly elevated in patients with acute coronary syndrome compared with those with CHD or no CHD (0.034Ϯ0.0056, 0.023Ϯ0.0012, and 0.026Ϯ0.0024, respectively; Pϭ0.04 for both; Figure 8B ). After adjustment for age and sex, the association remained significant (␤ϭ0. 16, Pϭ0.039) . After adjustment for other potential confounders (diabetes, hypertension, body mass index, and dyslipidemia), the association only approached the limit of statistical significance (␤ϭ0.16, Pϭ0.054).
Discussion
The present study reports the novel and surprising finding that TRAF1 deficiency attenuates atherosclerosis in mice. Our data challenge the traditional view of TRAF1 as an inhibitory, primarily antiinflammatory signaling molecule by identifying TRAF1 as a proinflammatory mediator of atherosclerosis, a chronic inflammatory disease.
Although we previously showed that TRAF1 inhibits certain proinflammatory signals in cell types involved in atheromas, the present study demonstrates that TRAF1 acts as a proinflammatory mediator of atherosclerosis, because TRAF1-deficient mice had reduced atherogenesis. 23 The present data are in accord with 2 recent reports by Oyoshi et al 28, 29 implicating TRAF1 in the development of allergic lung inflammation in mice, which suggests that TRAF1 may also play an instrumental role in the pathogenesis of inflammatory diseases other than atherosclerosis. Notably, overexpression of TRAF1 has also occurred in hematologic disorders such as lymphoma and solid tumors. 30, 31 Genome-wide studies further showed a correlation between polymorphisms in the TRAF1/C5 locus and the incidence of rheumatoid arthritis and systemic lupus erythematosus 32, 33 ; however, functional analysis of TRAF1 in these diseases is still lacking.
The present study not only showed a reduction in overall lesion size in early and delayed TRAF1 Ϫ/Ϫ /LDLR Ϫ/Ϫ plaques compared with respective controls but also demonstrated that TRAF1-deficient plaques showed histological features attributed to more stable plaques in humans. Plaques from TRAF1 Ϫ/Ϫ /LDLR Ϫ/Ϫ animals had a marked reduction in macrophages. Intimal macrophages contribute importantly to atherogenesis; their accumulation progresses during plaque growth and is associated with thrombotic complications. 2, 34 Four main processes regulate macrophage content in plaques: Adhesion, migration, differentiation, and apoptosis. To gain mechanistic insight into how TRAF1 modulates intraplaque macrophage content, we systematically tested whether TRAF1 affected any of these steps. Interaction of integrins and adhesion molecules such as ICAM-1 and VCAM-1 mediates adhesion of inflammatory cells to the EC surface. We identified that a deficiency of TRAF1 in murine ECs and monocytes reduced adhesion of inflammatory cells to the endothelium in static and dynamic adhesion assays in vitro and in intravital microscopy of the cremaster muscle. This may be due to decreased expression of VCAM-1 and ICAM-1, which we observed both in lysates of ECs and in aortic arterial tissue of TRAF1-deficient mice. VCAM-1 binds to ␣ 4 ␤ 1 integrin (CD49d/CD29). Interestingly, CD29 was also downregulated in its expression in TRAF1-deficient macrophages, which suggests that TRAF1 in both leukocytes and ECs contributes to atherogenesis. This notion is supported by our transplantation study, which showed that TRAF1 deficiency in both BM-derived and resident cells was sufficient to reduce lesion formation. In agreement with our findings, Oyoshi et al 29 demonstrated impaired lymphocyte recruitment to inflamed lungs by reduced expression of VCAM-1 and ICAM-1 in TRAF1-deficient ECs.
Chemokines pave the way for monocyte extravasation. 35 TRAF1 deficiency did not attenuate chemokine expression in ECs or macrophages. At the receptor level, CCR7, previously associated with regression of atherosclerosis, and CXCR3, known to promote atherogenesis in mice, were both upregulated in monocytes and T cells of TRAF1 Ϫ/Ϫ /LDLR Ϫ/Ϫ mice 36,37 ; however, CCR5, which is also known to promote atherosclerosis in mice, 38 remained unchanged in monocytes and was decreased in T cells. Nevertheless, TRAF1 deficiency did not alter the migratory capacity of peripheral blood mononuclear cells toward chemokine gradients. We identified reduced levels of IL-6 and TNF-␣ in serum and arterial tissue of TRAF1-deficient mice that consumed an HCD. Increasing evidence supports the idea that CD4 T cells play a crucial role in atherogenesis. 1 Imbalance of the ratio of the different CD4 T-cell subsets (Th1, Th2, Th17 and Tregs) modulates atherogenesis and plaque destabilization. Bryce et al 39 demonstrated TRAF1-dependent upregulation of the Th2 cytokines IL-4, IL-5, and IL-13 on ␣-CD3/␣-CD28 stimulation in TRAF1-deficient cells compared with wild-type cells. In contrast, we observed no major variation in subset ratios and Th1 and Th2 cytokines in atherosclerotic mice in vitro and in vivo in the present study.
Several studies have suggested an antiapoptotic function of TRAF1. 40 -42 The present data showed no significant difference in apoptosis or proliferation of macrophages in vivo, which suggests that TRAF1 does not influence cell turnover in the atherosclerotic plaque. Because TRAF1 deficiency did not fully prevent atherosclerosis, other TRAFs may contribute. TRAF2 and TRAF6 are likely candidates. 19, 20 To investigate the hypothesis that TRAF1 mRNA expression in blood correlates with stable and/or acute coronary heart disease in humans, we performed a pilot study. TRAF1 mRNA levels were significantly elevated in patients who had an acute coronary syndrome, consistent with participation of TRAF1 in plaque instability in vivo. These data match previous findings from our group that demonstrated a strong increase of TRAF1 in carotid human atherosclerotic plaques prone to rupture. 23 Further studies will be required to validate these findings.
In summary, we present the novel finding that TRAF1 deficiency attenuates atherogenesis in mice. We identified impaired monocyte recruitment to the vessel wall as the most likely underlying mechanism. Our data suggest that TRAF1 merits further testing as a therapeutic target in atherosclerosis and other chronic inflammatory diseases.
